Abstract. The assembly of molecular Borromean Rings from constitutionally independent rings in a stepwise manner depends on the preparation of robust "ring-in-ring" complexes. The π-electron rich macrocycle bis-1,5-dinaphtho[50]crown-14 (1) is shown to form a donor-acceptor ring-in-ring complex with the π-electron poor cyclophane cyclobis(paraquat-4,4'-biphenylene) (2 4+ ) in solution. In the crystal superstructure of [1⊂2]·4PF 6 , CH···O interactions between the polyether loops of 1 and the bipyridinium units of 2 4+ could disfavor the threading of dialkylammonium components of a third ring. Keywords: Borromean Rings; Ring-in-Ring Complex; DonorAcceptor; Supramolecular Chemistry; Crystal Structure.
Introduction
Borromean Rings (BRs) are an assembly (Figure 1a and b) of three non-catenated rings in a Brunnian link, wherein scission of one ring leads to dissociation of the others [1] . Named after the Borromeo family of 15 th Century Milan who carried the topology on their family insignia [1] , BRs have long been a source of inspiration and wonder to the human race, and, in the last 20 years, particularly to the synthetic chemist [2] . BRs on the molecular scale were first realized by Seeman [3] in 1997, by elegant manipulation of DNA double helices. The twin powers of directionality and thermodynamic error checking, which are intrinsic to metal-templated dynamic covalent chemistry, were harnessed by us [4] in 2004 in the 18-component self-assembly of synthetic molecular BRs (Figure 1c ). Borromean linkages have also been found in the solid-state structures of framework materials [5] . These "all-in-one" strategies have been the only successful routes to BRs to date, possibly because each of the three rings is identical, removing most selectivity issues between rings [6] .
An arguably greater challenge is the stepwise assembly of BRs composed of three constitutionally different rings. This strategy has been termed the "ring-in-ring" approach [6] , since the initial assembly requires that one macrocycle be threaded through another in an approximately perpendicular fashion. A potential "ring-in-ring" strategy ( Figure 1d ) was first proposed on paper by Busch [7] , with the initial ring-in-ring complex to be formed by encircling two π-electron rich aromatic groups of a bis-paraphenylene crown ether with the established [8] π-electron deficient macrocycle cyclobis(paraquat-4,4'-biphenylene). Binding constrains each polyether loop of the crown to resemble smaller crown ethers, which have a well-known [9] propensity to bind dialkylammonium cations, to which could be appended threads with functionality capable of ringclosing to form BRs. We have shown subsequently that bis paraphenylene-[34]crown-10 associates with a macrocycle containing two dibenzylammonium moieties to give a ring-inring complex in both the solid and solution states [10] . Other ring-in-ring assemblies have been prepared [11] by transition [4] . d) Stepwise synthesis of BRs with constitutionally independent rings proposed by Busch [7] . e) The ring-in-ring complex expected to form between bis-1,5-dinaphtho[50]crown-14 (1) and cyclobis(paraquat-4,4'-biphenylene) (2 4+ ) which is the basis for the research reported in this paper. metal templation, but no progress has been reported on the binding motif detailed in Figure 1d . On the basis of simple molecular modeling [12] , bis-1,5-dinaphtho[50]crown-14 was selected [13] for study, since the dioxynaphthalene (DNP) aromatic rings are better π-electron donors than hydroquinone rings and the polyether chain length is expected to give a loop of similar size to dibenzo[24]crown-8. We report herein the assembly and characterization of the ring-in-ring complex (Figure 1e ) formed between bis-1,5-dinaphtho[50]crown-14 (1) and cyclobis(paraquat-4,4'-biphenylene) tetrakis(hexafluor ophosphate) (2·4PF 6 ).
Results and Discussion
The crown ether 1 was prepared (see Scheme 1 and the Experimental Section) by a pseudo-high dilution macrocyclization of the ditosylate 3 [14] and 1,5-dioxynaphthalene in 30% yield. When one equivalent of 2·4PF 6 was added to a solution of 1 in CD 3 CN an immediate color change from light brown to intense purple was observed, which is characteristic of charge-transfer complex formation (λ max = 521 nm by UV/ Vis spectroscopy). Significant changes were observed in the 1 H NMR spectrum (Figure 2 ) of 1 in the presence of 2·4PF 6 .
The signals attributed to the aromatic protons of 1 all shift upfield, with the signal for the H 4/8 protons moving by nearly 1.5 ppm, H 3/7 by 0.67 ppm and H 2/6 by 0.5 ppm, presumably because of the shielding imposed by the proximity of the protons to the electron-deficient aromatic portions of 2 4+ . The O-methylene resonances of 1 become more distinct upon complexation for each symmetry-independent O-methylene group of the hexaethylene glycol chain. There are also changes in the spectrum of 2 4+ , with the β-proton resonances moving significantly upfield by 0.5 ppm. Small shifts are observed for all other signals.
The dynamic solution behavior of the complex was examined by variable temperature 1 H NMR spectroscopy ( Figure 3) , with a 6.67 mM solution in CD 3 CN cooled to 243 K and spectra recorded at 10 K intervals as the solution was heated to 333 K. Exchange between bound and unbound species is fast on the 1 H NMR timescale, with only a single averaged resonance observed for each proton. The significant upfield shifts of the resonances for the aromatic protons of 1 at lower temperatures indicate that the complex is stabilized at lower temperature, an observation consistent with the fact that the color arising from the proposed charge transfer complex [1⊂2]·4PF 6 is significantly attenuated upon heating the mixScheme 1. The two rings 1 and 2·4PF 6 together with the last step in the synthesis of the crown ether 1. ture of 1 and 2·4PF 6 . The resonances at 243 K for H 4/8 (broadened into baseline around 5.5 ppm), H 3/7 (broad at 6.0 ppm) and H 2/6 (broad at 6.1 ppm) are very similar to those observed [15] (Figure 1e ).
Attempts to characterize the assembly by mass spectrometry have so far been unsuccessful, further indicating the dynamic nature of the complex. Both ESI and MALDI were attempted, and peaks corresponding to 1 and 2 4+ were observed but not for [1⊂2] in any ionization state. The high dilution of samples in ESI, coupled with the high temperatures required for ionization, is expected to disfavor complex formation, and softer ionization techniques are currently being examined.
Confirmation of the ring-in-ring complex assembly in the solid state came with the preparation, by vapor diffusion of Et 2 O into a 1:1 mixture of 1 and 2·4PF 6 in MeNO 2 , of blue, block-shaped single crystals suitable for analysis by X-ray diffraction, and the subsequent determination (Figure 4 ) of the crystal superstructure [16] .
[1⊂2]·4PF 6 shows the expected binding motif, with two crystallographically independent complexes in the unit cell. In each, two DNP units are encapsulated (Figure 4) within the cyclophane in an acceptor-donor-donoracceptor π-stack (Figure 4e) , with the polyether chains protruding above and below the cyclophane. The H 4/8 protons of the DNP units are in close proximity to the cyclophane, enjoying an edge-to-face CH···π interaction (Figure 4c ), explaining the significant shifts seen in the 1 H NMR spectrum of the complex in solution. Furthermore, CH···O interactions between the polyether loops and the bipyridinium units of the cyclophane are prevalent (Figure 4a ), causing the loops to fold down on to the rim of the cyclophane. Hydrogen bonds form between H α and the fourth oxygen along the chain, and between the H β and the second oxygen along the chain. The cyclophane 2 4+ distorts significantly by allowing the bipyridinium units to deviate from co-planarity (θ in Figure 4e ) to accommodate the hydrogen bonds.
If the ring-in-ring complex is going to be utilized in the preparation of molecular BRs, removal of the CH···O interactions will be necessary in order to allow binding of dialkylammonium centers in the polyether loops. This geometry represents a significant obstacle in the assembly of molecular BRs using this binding motif, as threading of the components of the third macrocycle will destabilize the interactions between the first two macrocycles, illustrating the efficiency and necessity of a wholly convergent stepwise synthetic route.
The long-range packing arrangement of [1⊂2]·4PF 6 is defined by π-π stacking interactions between the aromatic groups of 2 4+ . A bipyridinium unit of one molecule aligns in a slightly offset manner with a biphenyl moiety of another, with centroid-to-centroid distances (centroids placed at the centre of each bipyridinium or biphenyl 12-atom group) ranging from 3.69 to 3.74 Å. These interactions result in an infinite, two-dimensional, chessboard-like alignment of supermolecules (Figure 4d ), which are oriented at 90° to their nearest neighbours. These two-dimensional sheets stack on top of each other, with PF 6 -counterions filling the voids, to give the threedimensional packing superstructure.
Conclusions
In a nutshell, we have prepared and characterized a donoracceptor ring-in-ring complex from the π-electron rich macrocycle bis-1,5-dioxynaphtho[50]crown-14 (1) and the π-electron poor cyclophane cyclobis(paraquat-4,4'-biphenylene) (2 4+ ), with complex formation occurring via a motif first proposed in the literature 10 years ago [7] . Determination of the crystal superstructure, however, reveals CH···O interactions between the polyether loops of 1 and the bipyridinium units of 2 4+ , a discovery that complicates the synthetic design of molecular BRs based on this ring-in-ring complex. If molecular BRs are to be obtained by this synthetic route, an elegant design maximizing supramolecular interactions will be necessary to compensate for the breaking of the thermodynamically favorable CH···O interactions.
Experimental
All chemicals and reagents were used as received from Sigma Aldrich. The tetracationic cyclophane 2·4PF 6 was prepared [8] according to previously published methods. The ditosylate precursor 3 was prepared as described by Ghosh et al. [14] . Nuclear magnetic resonance (NMR) spectra were recorded at 293 K unless otherwise noted on Bruker Avance 500 and 600 spectrometers, with working frequencies of 500 and 600 MHz for 1 H and 125 MHz for 13 C. Chemical shifts are reported in ppm relative to signals corresponding to residual non-deuterated solvents. All 13 C experiments were performed with simultaneous decoupling of proton nuclei. UV/Vis spectra were obtained on a Perkin Elmer LAMBDA 1050 spectrometer. Electrospray ionisation (ESI) mass spectra were obtained on an Agilent 6210 LC-TOF high-resolution mass spectrometer. MALDI mass spectra were obtained on a Bruker Daltonics AutoFlex III MALDI-TOF mass spectrometer using 2,5-dihydroxybenzoic acid as matrix.
Bis-1,5-Dioxynaphtho[50]crown-14 (1)
1,5-Dioxynapthalene (91.5 mg, 0.571 mmol) and 3 (569 mg, 0.571 mmol) were added dropwise over 24 h as a solution in dry DMF (25 ml) to a heated (80 °C) suspension of Cs 2 CO 3 (930 mg, 2.86 mmol) in dry DMF (50 ml) under N 2 and the mixture was heated for a further 72 h. The solvent was removed in vacuo, the residues dissolved in CH 2 Cl 2 (100 ml) and washed with aqueous NH 4 Cl (1 M, 100 ml) and H 2 O (2 × 100 ml). The organic phase was dried (Na 2 SO 4 ) and the solvent removed in vacuo to yield a blueish tar, which was purified by flash chromatography (SiO 2 : 10% MeOH/EtOAc) to yield 1 as a brown oil which gradually solidified (140 mg, 0.172 mmol, 30%). 1 [1⊂2]·4PF 6 . 1 (4.1 mg, 5 μmol) and 2·4PF 6 (6.2 mg, 5 μmol) were dissolved in CD 3 CN (0.75 ml) to give a purple solution, and the solvent was removed in vacuo to yield a blue powder (10.3 mg, 100 %). UV/Vis (CD 3 CN, 4mM) λ max 521 nm. Single crystals of [1⊂2]·4PF 6 were prepared by slow vapor diffusion of Et 2 O into a MeNO 2 solution. X-Ray diffraction data were collected at 100 (2) K with on a Bruker SMART APEX II diffractometer fitted with a CCD area detector (MoK α , λ = 0.71073 Å, graphite monochromator). The structure was solved by direct methods and expanded using Fourier techniques [17] . Non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included in idealized positions, but not refined. The proposed model was refined with contributions from the solvate, 28 MeNO 2 molecules, which were removed from the diffraction data using the Bypass procedure in Platon [18] . The total potential solvent accessible void volume was 2606. 
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